Abstract The tungsten films with ultra microstructure on CuCrZr alloy and China Low Activation Martensitic (CLAM) steel have been prepared by metal organic chemical vapor deposition (MOCVD). The films were produced by pyrolysing the tungsten hexacarbonyl at air or argon atmosphere. When formed at or below 400
Introduction
Tungsten has high threshold energy for physical sputtering, good thermal conductivity and the highest melting point of all metals. These physical properties make it attractive for scientists to use tungsten as an armor material for fusion experimental reactors such as international ther-monuclear experimental reactor (ITER) and demonstration reactor [1] . However, the erosion of tungsten due to the plasma-wall interactions, especially during disruptions, is severe and a method which allows repairing the damaged surface by remote handling is strongly required. The MOCVD coating is proposed as one of the possible methods for in situ repair of the armor [2] . The production of tungsten film by MOCVD has attracted much attention, which is widely used for film growth and others applications. The deposition of tungsten from W(CO) 6 is being investigated as an alternate process to the WF 6 CVD process for coating and other HF(hydrofluoric acid)-sensitive substrates. The major advantages to the pyrolysis of W(CO) 6 are the presence of a chemically benign environment and the potential of a lower deposition temperature [3] . The W(CO) 6 process can be utilized, in principle, to coat a film of tungsten or to flash coat a HF-sensitive substrate for further coating by the WF 6 process [4] . During the process of deposition, it involves complex reactive transport where flow, mass diffusion, chemical kinetics and thermal effects, all affect the quality of the final products [5] . The products quality, which depends on the thickness, density, composition, microstructure and uniformity, is a critical requirement. Cold wall MOCVD reactors are used extensively at the laboratory scale [6] , as they are more suitable for selective deposition and they usually accommodate only a single wafer in various orientations relative to the flow.
Our study of the low-temperature deposition of tungsten from W(CO) 6 has concentrated on W(CO) 6 pyrolysis in different atmospheres and temperatures within a fluidized bed. Deposition reactor is very important to the properties of film. Hence, in the present study, the reactor has been refitted so as to prepare better tungsten films. What is more, the chemical and physical quality of the low temperature films has also been discussed.
Experimental description
W(CO) 6 (99%) was supplied by Lanzhou Institute of Chemical Physics (Chinese Academy of Sciences) and used without further purification. Argon (99.999%) was used as an atmosphere. CuCrZr alloy and CLAM steel were used as substrates for their favorable physical and chemical properties, such as high heat conductivity and melting point, good radio-resistance, etc.
All samples were prepared by vapor phase adsorption in the described reactor system. The sublimation temperature 70
• C∼90
• C (temperature of the reactant vessel) was applied. The deposition chamber vacuum was about 4 Pa in all cases. The pyrolysis temperature and time range were 270
• C∼600
• C and 4∼9 h, respectively. In addition, three different distances of gas spray head to sample were 25 mm, 45 mm and 65 mm, respectively. Detailed values of experimental parameters are listed in Table 1 . After film deposition, some samples annealed at different temperatures. Surfaces of tungsten films on CuCrZr alloy, CLAM steel and the interfaces between film and substrate were observed by SEM (LEO-1450, British) with EDS (Energy Dispersive Spectrum). In addition, the phases of tungsten films have been analyzed by X-ray diffraction (XRD). A cold-wall MOCVD reactor is sketched in Fig. 1 . The entire structure of system is covered by a bell type cover. Tungsten is deposited through the following surface pyrolysis reaction with deposition temperature over 150
• C. The feed gas which passes through gas pipe into chamber consists of gas argon and vapor of tungsten hexacarbonyl. This choice of reactor geometry and size was conditioned by an existing experimental setup. The substrate was heated by resistance wire on sample heating holder. In the meanwhile, the coldwall was filled with running water at room temperature to avoid deposition on the wall. During the deposition process, the sublimed W(CO) 6 was kept warm by the heated running water. The exhaust gas was pumped out via an exhaust pipe and burned for environment consideration.
3 Results and discussion 3.1 Thermodynamic analysis of W(CO) 6 pyrolysis When the gas of low temperature W(CO) 6 reach the high temperature substrate, it will be adsorbed. Following is the reaction equation for pyrolysis above 150
• C:
Under proper temperature and pressure conditions, it will continue to produce W 2 C [7] :
The pyrolysis rate of tungsten film depends on reaction (1). In addition, the extent of the pyrolysis reaction is determined by the following Gibbs function.
where T is the reaction temperature, ∆H Table 2 is consulted from the handbook [8] , so the ∆H 0 298 and ∆S 0 298 can be calculated through Eqs. (3) and (4) . Finally, can be calculated by substituting these results into Eq. (2). For experiment temperature ranging from 150 • C to 600
• C, the ∆G 0 t have been calculated. In addition, Fig. 2 shows the variation trend of ∆G 0 t , which depends on temperature. The greater the absolute value of Gibbs, the stronger the reaction. High temperature will trigger pyrolysis before W(CO) 6 reaching the surface of the substrate. According to the research of X. J. ZHANG [9] , the pyrolysis rate will reach a maximum when the substrate temperature is about 500
• C, then it will have a thick film after a certain time. 
Phase analysis of the film on substrate
Tungsten exists in two crystalline modifications, α-W and β-W [10] . Samples prepared by most methods above about 650
• C form as α-W, with a bcc structure. Samples prepared at lower temperatures, usually by a chemical route involving oxygenated precursors or by evaporation, form as β-W. It is suggested that β-W requires the presence of oxygen in order to nucleate. Its structure is considered to be essentially tungsten oxide, and at low oxygen contents it is metastable in contrast to α-W [11] . The films produced at 270
• C, 400
• C, 500
• C and 600
• C consisted of W, C and O. The XRD patterns of films deposited at different temperatures are indicative of highly oriented β-W. Moreover, the intense peak at 43.5
• is indexed to β-W(211) plane. The results indicate that the surface is covered by a thin oxycarbide layer. Samples produced at lower temperatures gave a broad reflection close to the angle expected for β-W, although the clearness is reduced by some overlap with substrate reflection. Fig. 3 is the XRD patterns of films deposited at 500
• C, which was annealed at 700
• C∼800
• C for 20∼40 min. XRD pattern in Fig. 4(a1) indicates incipient conversion of β-W phase to α-W at 700
• C for 20 min. Subsequent annealing of the film at 800
• C for 20 min reduced the β-W concentration, as shown in Fig. 4(a2) . If the film was annealed at 800
• C for 40 min, the concentration of β-W would continue to reduce, contrary to α-W, see Fig. 4(a3) . The low temperature samples appear, therefore, to have a more amorphous or possibly microcrystalline structure, with possible incorporation of O and W, see Fig. 5 , which is the EDS of films prepared at 270
• C on CuCrZr alloy. The results of EDS indicate that all the films have O and W. The films in Fig. 5(a) and (c) were prepared in air atmosphere as opposite to the films shown in Fig. 5 
Structure analysis of the films on CuCrZr alloy and CLAM steel
When Gibbs value equals zero, the temperature is about 46.25
• C. But a minimum substrate temperature of 150
• C was required for a reliable deposition of W film on substrate using W(CO) 6 . The process of deposition consists of two steps: new phase nucleation and growth, respectively. After the pyrolysis of W(CO) 6 ,
Fig.5 EDS of the films deposited at 270
• C (a), 400
• C (c) and 600
the W atoms begin to form nucleation in metastable state on the substrate surface. And the appearance of nucleation has the same probability on surface. During the pyrolysis process, W(CO)
will be converted into W +− . The parameter n in W(CO)
+− n will reduce from 6 to 0. Usually, W nucleation starts to grow by diffusion, in which atoms are free to enlarge through interfacial energy [12] . Finally, the film has an obvious hill shape island structure on CuCrZr alloy, see Fig. 6(a) . In order to see the structure more clearly, the film was eroded by 3V.% H 2 O 2 solution. When water was boiling, H 2 O 2 was added to the water, then the film was eroded by the solution. Hence, the SEM image of eroded film is shown in Fig. 6(b) . A thin film deposited on CuCrZr alloy at 270
• C, 3.9 Pa for 8 h is shown in Fig. 7(a) , which exhibits poor bonding performance, between film and substrate. The interface is not dense, but rather consists of many pores and the film is not uniform. So the deposition temperature should be increased. Fig. 7(b) is the film prepared at 400
• C for 8 h. Compared with Fig. 7(a) , the thickness has been improved greatly, and the film interface seems to be denser. One of the reasons is that higher temperature will result in an increase of pyrolysis rate. At the same time, more W atoms have been deposited on the substrate. When the film is prepared at 500
• C for 8 h, the film shows the best properties, as shown in Fig. 7(c) . Thickness and interfacial properties of the film have been improved greatly compared with those in others cases. While the temperature reaches 600
• C, compared to the former case, the performances of film, such as thickness, interface performances, will deteriorate, as seen in Fig. 7(d) . The experimental results indicate that if the temperature (T 2, T 2 > T 1) exceeds a suitable deposition temperature (T 1), overheating of reaction gas would occur. Finally it will result in pre-pyrolysis of W(CO) 6 before contacting the substrate [13] , see Fig. 8(b) . Fig. 8(a) indicated that, when the substrate has a suitable temperature (T 1), W(CO) 6 will be deposited efficiently. Although the pyrolysis rate is improved with increasing temperature, the deposition rate of film on substrate will decrease. The experimental results show that the temperature plays an important role in determining film properties, such as thickness, bonding strength, density and so on. In addition, film properties have also a lot to do with the substrate type. Cross-sectional views of the films deposited on CLAM at 400
• C and 500
• C for 8 h are shown in Fig. 9(a) and Fig. 9(b) , respectively. Under Fig.9 SEM images of the cross-section of the films deposited on CLAM at 400
• C (a), 500
• C (b) for 8 h, respectively the same conditions, compared to the film on CuCrZr alloy, the films deposited on CLAM are thinner. Besides, the results show that the films have poor performances regarding the bonding strength, density, etc. The CLAM has lower heat conductivity than CuCrZr, so the heat from CLAM can not instantly transfer to the W(CO) 6 . So the pyrolysis time of W(CO) 6 will increase, the pyrolysis rate will decrease compared to pyrolysis on CuCrZr alloy.
Conclusions
In the previous studies on gas phase adsorption of W(CO) 6 , the dry mixing and vacuum vaporization techniques have been utilized. However, the control of these processes and the level of metal loadings were not very satisfactory. In the present study, gradual gas phase adsorption of W(CO) 6 in a fluidized bed reactor was found to be an effective system for preparing W film on substrates. Moreover, the reactor system has many feature designs which have great effects on film properties. All the results indicate that the type of deposition system is an important factor for the deposition of films. In addition, the chemical purity, phase and morphology of W films deposited using W(CO) 6 depend markedly on the deposition temperature. The film properties have a lot to do with the type of substrate. Under the same conditions, the films on CuCrZr have better properties than that on CLAM. As to the film thickness and interface stress, plasma enhancement technology and increase of W(CO) 6 sublimation will be used, instead of increasing deposition temperature, in future studies. And according to previous studies, the above methods are very promising to solve recent problems in employing MOCVD to prepare W film which is to be used in fusion reactors.
